ABSTRACT We show by whole genome sequence analysis that loss of RNase H2 activity increases loss of heterozygosity (LOH) in Saccharomyces cerevisiae diploid strains harboring the pol2-M644G allele encoding a mutant version of DNA polymerase e that increases ribonucleotide incorporation. This led us to analyze the effects of loss of RNase H2 on LOH and on nonallelic homologous recombination (NAHR) in mutant diploid strains with deletions of genes encoding RNase H2 subunits (rnh201D, rnh202D, and rnh203D), topoisomerase 1 (TOP1D), and/or carrying mutant alleles of DNA polymerases e, a, and d. We observed an 7-fold elevation of the LOH rate in RNase H2 mutants encoding wild-type DNA polymerases. Strains carrying the pol2-M644G allele displayed a 7-fold elevation in the LOH rate, and synergistic 23-fold elevation in combination with rnh201D. In comparison, strains carrying the pol2-M644L mutation that decreases ribonucleotide incorporation displayed lower LOH rates. The LOH rate was not elevated in strains carrying the pol1-L868M or pol3-L612M alleles that result in increased incorporation of ribonucleotides during DNA synthesis by polymerases a and d, respectively. A similar trend was observed in an NAHR assay, albeit with smaller phenotypic differentials. The ribonucleotide-mediated increases in the LOH and NAHR rates were strongly dependent on TOP1. These data add to recent reports on the asymmetric mutagenicity of ribonucleotides caused by topoisomerase 1 processing of ribonucleotides incorporated during DNA replication. KEYWORDS LOH; NAHR; genome stability; recombination; ribonucleotides T HE replicative DNA polymerases of Saccharomyces cerevisiae, DNA polymerases a (Pol a), d (Pol d), and e (Pol e), frequently incorporate ribonucleotides into DNA both in vitro and during nuclear DNA replication in vivo (Nick McElhinny et al. 2010a,b; Williams and Kunkel 2014; Williams et al. 2015) . These ribonucleotides are efficiently removed when RNase H2 incises the DNA backbone containing a ribonucleotide to initiate ribonucleotide excision repair (RER) (Nick McElhinny et al. 2010a; Sparks et al. 2012) . When the RNH201 gene that encodes the catalytic subunit of RNase H2 (Cerritelli and Crouch 2009) is deleted, RER is defective and many unrepaired ribonucleotides remain in the genome. A subset of these unrepaired ribonucleotides can be removed when topoisomerase 1 (TOP1) incises a DNA backbone containing a ribonucleotide . However, TOP1 incision creates nicks with unligatable ends and elicits several RNA-DNA damage phenotypes, including slow growth, activation of the genome integrity checkpoint and altered progression through the cell cycle, sensitivity to the replication inhibitor hydroxyurea (HU), and strongly elevated rates for deletion of 2-5 bp from low-complexity DNA sequences (Nick McElhinny et al. 2010a; Clark et al. 2011; Kim et al. 2011) . These effects are elicited primarily by ribonucleotides incorporated by Pol e, but not by ribonucleotides incorporated by Pol a or Pol d (Williams et al. 2015) . Loss of RNase H2 is also associated with reduced efficiency of mismatch repair (MMR), thereby elevating the rate of single-base mutations (Ghodgaonkar et al. 2013; Lujan et al. 2013) . This mutator phenotype is consistent with the hypothesis (Nick McElhinny et al. 2010a ) that nicks resulting from RNase H2 incision at ribonucleotides can signal for strand discrimination during removal of DNA replication errors. In addition to the point mutations mentioned above, larger types of genome instability have also been observed in RNase H2-defective cells. For example, in a study of gross chromosomal rearrangements (GCRs) in haploid yeast cells, RNase H2 defects alone had little effect, but GCR rates were elevated in double mutant strains lacking the noncatalytic Rnh203 subunit in combination with deletions of any of eight other genes affecting DNA metabolism (Allen-Soltero et al. 2014 ). An earlier GCR study reported that rnh201D single mutants displayed a fourfold increase in instability of a nonessential yeast artificial chromosome (YAC loss and terminal deletions) (Wahba et al. 2011) . This instability may also be related to the fact that defects in the yeast Rnh202 subunit of RNase H2 increase the rate of gene conversion (also in haploids), an effect that is partially suppressed by deleting TOP1 (Aguilera and Klein 1988; Ii et al. 2011; Potenski et al. 2014) . Similarly, mouse embryonic fibroblasts lacking the noncatalytic RNASEH2B subunit of RNase H2 have increased levels of micronuclei and chromosomal rearrangements (Reijns et al. 2012) . The mechanisms responsible for these types of large-scale genome instability are not yet fully understood, but could involve DNA strand breaks arising during processing of unrepaired ribonucleotides incorporated during replication, processing of unresolved R-loops formed during transcription, or both.
T HE replicative DNA polymerases of Saccharomyces cerevisiae, DNA polymerases a (Pol a), d (Pol d), and e (Pol e), frequently incorporate ribonucleotides into DNA both in vitro and during nuclear DNA replication in vivo (Nick McElhinny et al. 2010a,b; Williams and Kunkel 2014; Williams et al. 2015) . These ribonucleotides are efficiently removed when RNase H2 incises the DNA backbone containing a ribonucleotide to initiate ribonucleotide excision repair (RER) (Nick McElhinny et al. 2010a; Sparks et al. 2012) . When the RNH201 gene that encodes the catalytic subunit of RNase H2 (Cerritelli and Crouch 2009 ) is deleted, RER is defective and many unrepaired ribonucleotides remain in the genome. A subset of these unrepaired ribonucleotides can be removed when topoisomerase 1 (TOP1) incises a DNA backbone containing a ribonucleotide . However, TOP1 incision creates nicks with unligatable ends and elicits several RNA-DNA damage phenotypes, including slow growth, activation of the genome integrity checkpoint and altered progression through the cell cycle, sensitivity to the replication inhibitor hydroxyurea (HU), and strongly elevated rates for deletion of 2-5 bp from low-complexity DNA sequences (Nick McElhinny et al. 2010a; Clark et al. 2011; Kim et al. 2011) . These effects are elicited primarily by ribonucleotides incorporated by Pol e, but not by ribonucleotides incorporated by Pol a or Pol d (Williams et al. 2015) . Loss of RNase H2 is also associated with reduced efficiency of mismatch repair (MMR), thereby elevating the rate of single-base mutations (Ghodgaonkar et al. 2013; Lujan et al. 2013) . This mutator phenotype is consistent with the hypothesis (Nick McElhinny et al. 2010a ) that nicks resulting from RNase H2 incision at ribonucleotides can signal for strand discrimination during removal of DNA replication errors.
In addition to the point mutations mentioned above, larger types of genome instability have also been observed in RNase H2-defective cells. For example, in a study of gross chromosomal rearrangements (GCRs) in haploid yeast cells, RNase H2 defects alone had little effect, but GCR rates were elevated in double mutant strains lacking the noncatalytic Rnh203 subunit in combination with deletions of any of eight other genes affecting DNA metabolism (Allen-Soltero et al. 2014 ). An earlier GCR study reported that rnh201D single mutants displayed a fourfold increase in instability of a nonessential yeast artificial chromosome (YAC loss and terminal deletions) (Wahba et al. 2011) . This instability may also be related to the fact that defects in the yeast Rnh202 subunit of RNase H2 increase the rate of gene conversion (also in haploids), an effect that is partially suppressed by deleting TOP1 (Aguilera and Klein 1988; Ii et al. 2011; Potenski et al. 2014) . Similarly, mouse embryonic fibroblasts lacking the noncatalytic RNASEH2B subunit of RNase H2 have increased levels of micronuclei and chromosomal rearrangements (Reijns et al. 2012) . The mechanisms responsible for these types of large-scale genome instability are not yet fully understood, but could involve DNA strand breaks arising during processing of unrepaired ribonucleotides incorporated during replication, processing of unresolved R-loops formed during transcription, or both.
The present study was designed to answer three questions. First, do ribonucleotides incorporated during nuclear DNA replication in RER-defective yeast strains elevate the rate of two types of large-scale genome instability in diploid cells: mitotic interhomolog allelic homologous recombination leading to LOH and nonallelic homologous recombination (NAHR) leading to chromosomal translocations and copy number alterations? Second, if so, do elevated LOH or NAHR rates depend on ribonucleotides incorporated by Pol e, Pol a, or Pol d? Third, do elevated LOH or NAHR rates depend on TOP1? To answer these questions, we studied a series of homozygous diploid yeast strains that vary in RNase H2 and TOP1 status and that also vary in the propensity to incorporate ribonucleotides by Pol e (pol2-M644G, increased; pol2-M644L, decreased) or by Pols a and d (increased in both pol1-L868M and pol3-L612M, respectively). These strains, and their parents encoding wild-type replicases, were modified to assay for LOH and NAHR. The results indicate that ribonucleotides incorporated by Pol e cause TOP1-dependent chromosome instability, while the role of those incorporated by Pols a and d is not as strong. The results support a model in which asymmetric processing of ribonucleotides in DNA by TOP1 causes both local and large-scale genome destabilization.
Materials and Methods

Yeast strains
The S. cerevisiae strains used for the whole genome sequencing mutation accumulation experiment were diploids descended from D|(-2)|-7B-YUNI300 (Pavlov et al. 2001) . They were homozygous for his7-2, leu2D::kanMX, ura3D, trp1-289, ade2-1, lys2DGG2899-2900, and agp1::URA3. Sanger sequencing confirmed that the pol2-M644G mutation was homozygous, and rnh201D::hphMX was confirmed to be homozygous by PCR fragment-size analysis. The strains used in the main set of LOH assays and all NAHR assays (presented in Supporting Information, Table S1 ) were isogenic to the CG379 strain background (Morrison et al. 1991; Argueso et al. 2008) . We also conducted a limited number of LOH assays using hybrid diploids resulting from the mating of MATa haploids isogenic to CG379 and MATa haploids isogenic with YJM789 (Wei et al. 2007) . CG379 is a laboratory strain background closely related to the S288c reference yeast strain, while YJM789 is a diverged background derived from a clinical isolate. There are 60,000 single nucleotide polymorphisms (SNPs) between two strains' genomes, some of which are associated with restriction fragment length polymorphisms (RFLPs) that can be used to monitor recombination between homologous chromosomes. For the isogenic and hybrid LOH assays, the CORE2 cassette containing the Kluyveromyces lactis URA3 gene, the S. cerevisiae URA3 gene, and the kanMX geneticin resistance gene was amplified from plasmid pJA40 (Zhang et al. 2013 ) and integrated at chromosome 7 (Chr7) downstream of the MAL13 gene (distal side), 20 kb from the right telomere. For the NAHR assay, we used a PCR-based approach to delete a 180-bp segment spanning the 39 end of the open reading frame (ORF) and the immediate downstream sequence of the URA3 gene at its native position on Chr5. This ura3D39 allele corresponds to a clean (marker-less) deletion between Chr5 coordinates 116,823 and 117,003 from the reference S. cerevisiae S288c genome (Cherry et al. 2012) . The specific coordinates given are from the release version 64-2-1 of the S288c reference genome. In addition, a cassette containing the kanMX marker and a segment of the URA3 gene missing the promoter sequences and 34 bp from 59 end of the ORF was integrated on Chr14, downstream of the PEX17 gene (proximal side). This nonallelic PEX17::kanMX-ura3D59 (-RA3) insertion shares 622 bp of perfect homology (RA region) with the ura3D39 allele described above. Both RA sequences are oriented 59 to 39 in the top strand of the reference genome (Watson strand), on the left arms of their respective chromosomes, and recombination between them can regenerate a fully functional URA3 gene that can be selected for by cell growth on uracil drop-out medium.
The RNH201, RNH202, RNH203, and TOP1 genes were deleted with the hphMX or natMX drug resistance cassettes using a PCR-based approach (Goldstein and McCusker 1999) . The pol2-M644G and pol2-M644L alleles were integrated through a two-step allele replacement procedure (URA3 pop-in, pop-out) using plasmids described earlier (Kirchner et al. 2000) . We built custom plasmids to integrate the pol3-L612M and pol1-L868M alleles, pHC1 and pHC2, respectively. We used overlapping PCR approaches to create mutant pol3-L612M and pol1-L868M fragments containing synonymous substitutions that created diagnostic TaqI restriction enzyme polymorphisms immediately adjacent to the codons encoding the Leu to Met mutations of interest in each gene. These PCR fragments were cloned into the pRS306 URA3 integrative vector (Sikorski and Hieter 1989) and Sanger sequenced to validate the constructions. pHC1 was linearized with BamHI and pHC2 was linearized with SalI prior to integration into POL3 and POL1 homozygous diploid strains, respectively. Ura + clones containing the respective hemizygous plasmid integrations were patched onto 5-FOA medium to select for plasmid pop-outs. PCR and TaqI restriction analysis were used to screen candidate 5-FOA-resistant derivatives and identify diploids heterozygous for POL3/pol3-L612M or POL1/pol1-L868M, from which haploids carrying the respective DNA polymerase d and a mutations were obtained by sporulation and tetrad dissection. All combinations of LOH and NAHR experimental markers and mutant backgrounds were obtained by intercrossing isogenic haploid strains followed by sporulation, tetrad dissection, and genotyping of haploid spores. The DNA sequences of all plasmids and oligonucleotide primers used in the constructions above are available upon request.
Detection of LOH by whole genome sequencing RNH201-dependent LOH events were monitored during mutation accumulation experiments performed as previously described (Lujan et al. 2014) . LOH rates are lower bound estimates calculated from the number of homozygous mutations accumulated in a particular isolate, divided by both the total number of mutations and by the number of accumulated yeast generations for that isolate. P-values comparing LOH rates between strains were calculated with a one-tailed Welch's t-test (Welch 1947) .
Quantitative recombination assays
Yeast cells were streaked to single colonies on solid YPD medium and incubated on plates at 30°for 3 days. For the LOH assays, fresh whole colonies were picked, resuspended in 1 ml of sterile distilled water, serially diluted, and plated on synthetic complete medium containing 1 g/liter of 5-FOA (selective) and YPD (permissive). For the NAHR assays, fresh single colonies were picked, inoculated in tubes containing 4 ml of liquid YPD, and incubated for 24 hr at 30°in a rotating drum. One-milliliter aliquots from these cultures were transferred to microcentrifuge tubes, pelleted, washed, and resuspended in 1 ml of sterile distilled water. Serial dilutions of cells were plated on uracil drop-out (selective) and YPD (permissive). For both assays, plates were incubated at 30°, and colonies were counted from the permissive plates after 2 days of growth and from the selective plates after 4 days. The colony counts were used to calculate recombination rates and 95% confidence intervals (Table S2 ) using the Lea and Coulson method of the median within the FALCOR web application (http://www.keshavsingh.org/protocols/FALCOR.html) (Lea and Coulson 1949; Hall et al. 2009 ). Statistical analyses of comparisons between recombination rates were performed using a two-sided nonparametric Mann-Whitney test in GraphPad Prism software. The calculated P-values for several of the most relevant pairwise recombination rate comparisons are shown in Table S3 .
Molecular karyotype analysis
We analyzed the spectra of chromosomal rearrangements present in recombinant Ura + clones derived from WT and rnh201D NAHR diploid strains. Independent Ura + clones were picked from uracil drop-out plates, purified to single colonies in YPD plates, and then patched on to diagnostic plates containing uracil drop-out, 5-FOA, YPD geneticin, and YPD media. Full-length chromosomal DNA embedded in agarose was prepared and fractionated by pulse field gel electrophoresis (PFGE), and in some cases the DNA was used for comparative genome hybridization microarrays (array-CGH) using the methods and microarray design described previously (Zhang et al. 2013) .
Data availability
Yeast strains and plasmids are available upon request. The whole genome sequencing data used to identify genomewide LOH events (findings in Table 1 ) have been deposited at the Sequence Read Archive 10 (SRA) database under study no. SRP062900 and experiment nos. SRX1165947, SRX1165952, SRX1165955, and SRX1165953.
Results
Genome-wide ribonucleotide-dependent LOH in a pol2-M644G rnh201D strain
We constructed diploid yeast strains carrying the pol2-M644G allele and either RNH201 or rnh201D. Multiple clonal isolates were passaged on solid, complete medium, their genomes were sequenced, and mutations were identified by comparison to "zero passage" genomes for each strain (Lujan et al. 2014) . In strains proficient in RNase H2, the majority of the mutations that accumulated were single base events whose allelic fractions were between 40 and 60%, as expected for a heterozygous state for new mutations. The identities, distributions in the genome, and rates of formation of these mutations in RNase H2-proficient strains have recently been described in detail (Lujan et al. 2014) . In comparison, the pol2-M644G rnh201D strain accumulated single base mutations and 2-to 5-bp deletions at higher rates (to be described in detail elsewhere). However, what was not expected was that the allelic fraction of a substantial number of point mutations approached 100%. These LOH mutations suggested that a subset of ribonucleotide-induced mutations quickly became homozygous through interhomolog recombination. The number of these LOH events was larger in the pol2-M644G rnh201D strain as compared to the pol2-M644G RNH201 strain (111 vs. 14; Table 1 ). Given the number of generations over which these events accumulated, we conservatively estimate that a defect in RNase H2 increased the rate of LOH in the pol2-M644G strain by 3.7-fold. This result motivated the more specific genetic analyses described next.
Chromosome instability as measured by LOH
We investigated the role that ribonucleotides play in stimulating structural genomic alterations using assays specifically designed to measure allelic and nonallelic homologous recombination in proliferating yeast diploid cells. The first assay was designed to characterize the LOH effect observed in the mutation accumulation experiment described above. We used isogenic diploids ( Figure 1 ; Table S1 ) that were homozygous at all positions on Chr7, except that they contained a single hemizygous copy of the CORE2 counter-selectable cassette with two diverged orthologous copies of the URA3 gene and a marker for geneticin resistance (Zhang et al. 2013) inserted near the right end of Chr7. An allelic interhomolog recombination event occurring anywhere within the 575-kb region between CEN7 and the CORE2 insertion can result in LOH that may cause a diploid to become homozygous for the distal regions of the right arm of Chr7. This strain setup allows selection for homozygosity of the homolog lacking the CORE2 insertion, therefore the recombination rates measured by this approach correspond to only half of the LOH events that occur in the region. We also conducted a limited number of experiments using hybrid diploids that resulted from mating between two diverged haploids (Materials and Methods; Figure S1 ). In this case, the genotype for two heterozygous positions along Chr7 were monitored in clones selected for the loss of the hemizygous CORE2 insertion. All examined 5-FOA R clones derived from wild-type and RNase H2-deficient hybrid diploids remained heterozygous at a position on the left arm of Chr7, and most became homozygous for a marker located on the right arm 11 kb proximal to the CORE2 insertion. This result indicated that the majority of 5-FOA R clones selected through this approach formed by interhomolog recombination leading to LOH, and that chromosome loss was not a frequent occurrence. In both the isogenic ( Figure 1 ) and hybrid ( Figure  S1 ) diploid backgrounds, the LOH rates measured from diploids carrying the hemizygous CORE2 insertion were in the 10 25 to 10 24 5-FOA R /cell/division range, and all 5-FOA R clones examined became concomitantly sensitive to geneticin. When similar measurements were made from haploid strains, the rates were in the 10 28 range (data not shown). Thus, this assay provides a specific measurement for allelic interhomolog mitotic recombination that happens frequently in diploid genomes, without interference from chromosome loss, or from rare and more complex mutational mechanisms such as gross chromosomal rearrangements or clustered point mutations that simultaneously inactivate the two URA3 genes.
Ribonucleotide-dependent LOH
We analyzed isogenic diploid strains (Figure 1 and Figure 2A ) lacking each of the three genes encoding subunits of the RNase H2 enzyme: rnh201D, rnh202D, and rnh203D. All three single mutants showed a similarly significant six-to eightfold elevation of the LOH rate relative to wild type (Table S2 and Table S3 ; RNH201 vs. rnh201D; P , 0.0001). A similar phenotypic differential was observed between the LOH rate measurements made using the hybrid diploid strain background (rate in CG379 3 YJM789 RNH201 1.8 3 10 25 , and 8.5 3 10 25 in CG379 3 YJM789 rnh201D). These direct measurements were consistent with the genome-wide result presented in Table 1 , confirming that a defect in RER can cause chromosomal instability in the form of LOH. Figure 1 Loss-of-heterozygosity (LOH) assay system in isogenic diploids. Schematic representation of the karyotype of the isogenic diploid strains used in the LOH assays in Figure 2A and Table S2 . A hemizygous counterselectable CORE2 cassette was inserted near the right end of one of the Chr7 homologs. Allelic homologous recombination between the two homologs may result in homozygosity for the region lacking the CORE2 insertion. Derived clones carrying this LOH event were resistant to 5-FOA and sensitive to geneticin. Terminal boxes labeled L and R correspond to the left and right telomeres, respectively. The circle corresponds to the centromere.
The mutagenic effects of unrepaired ribonucleotides have previously been determined to be dependent on inappropriate cleavage by TOP1, including induction of 2-to 5-bp deletions, gene conversions, and chromosomal rearrangements. We found this to also be true for LOH stimulation, as the rnh201D TOP1D double mutant displayed a rate that was significantly lower than that of the rnh201D single (P , 0.0001). The LOH rate in the TOP1D single mutant was slightly lower than that of wild type, but not significantly so (P , 0.0853).
A recent study used haploid strains carrying mutant alleles of three different DNA polymerase genes that differentially alter the rate of incorporation of ribonucleotides into DNA (Williams et al. 2015) . We pursued a similar approach to investigate whether the asymmetric mutagenic effect of ribonucleotides also applies to LOH stimulation. Diploids homozygous for the pol2-M644G allele that encodes a mutant version of Pol e that increases ribonucleotide incorporation showed an 8-fold elevation in LOH (P , 0.0001). This rate was further elevated to 23-fold above wild type (P , 0.0001) when the ability to remove these extra ribonucleotides was eliminated in a pol2-M644G rnh201D double mutant. We also examined strains carrying the pol2-M644L allele that encodes a mutant version of Pol e that incorporates fewer ribonucleotides. By itself this mutation did not significantly alter the LOH rate, but in combination with rnh201D, the LOH rate was lower than that measured for the wild-type version of Pol e (POL2 rnh201D vs. pol2-M644L rnh201D; P = 0.0349). For both alleles of POL2, deletion of TOP1 caused significant decreases in the LOH rate. Together, these results support the existence of a strong direct relationship between the frequency of ribonucleotide incorporation by Pol e and the rate of TOP1-dependent LOH.
Diploids homozygous for the pol1-L868M or the pol3-L612M alleles that respectively encode mutant versions of Pol a and Pol d, which increase ribonucleotide incorporation, did not display altered rates of LOH relative to diploids with wild-type polymerases. Neither mutation increased the rate of LOH when combined with loss of RNase H2 activity. The Table  S2 for reader reference, also including the number of cultures assayed for each genotype. Statistical significance analyses of specific pairwise comparisons between genotypes are shown in Table S3 .
rate of LOH in pol1-L868M rnh201D was similar to the rate in POL1 rnh201D (P = 0.1821), and surprisingly, the rate of LOH in pol3-L612M rnh201D was 50% lower than that in POL3 rnh201D strains (P = 0.0026). Finally, deletion of TOP1 from strains containing the pol1-L868M or the pol3-L612M alleles in combination with rnh201D significantly decreased the LOH rate. We conclude from these results that ribonucleotides incorporated by Pol a or Pol d do not induce TOP1-dependent LOH as potently as those incorporated by Pol e.
Chromosome instability as measured by NAHR
In the second assay, we investigated the formation of chromosomal translocations that result from NAHR in diploid cells. We used a classic heteroallele recombination approach in which two incomplete overlapping sequences can recombine to regenerate a functional selectable marker. In this case, a 39 truncation of the URA3 gene designated URA 2 was present on Chr5 while a 59 truncation (-RA3) was located on Chr14 ( Figure 3A) . Homologous recombination involving the shared central regions (RA; 622 bp, 100% sequence identity) can create a functional copy of the URA3 gene at the breakpoint of a Chr14/Chr5 translocation. This event may occur through a reciprocal mitotic crossover, or nonreciprocal mechanisms such as break-induced replication (BIR) or half crossover (HC) (Malkova and Ira 2013; Symington et al. 2014; Vasan et al. 2014) . In the simple recombination scenarios presented in Figure 3 , if a reciprocal crossover occurs between the RA substrates, depending on how the recombinant chromatids segregate in the following cell division, the karyotype of the resulting Ura + cells may contain either two balanced reciprocal translocations (class 1; Figure 3B ) or only the nonreciprocal Chr14/Chr5 translocation associated with a terminal deletion on the left arm of Chr14 and a terminal amplification on the left arm of Chr5 (class 2; Figure  3C ). If BIR or HC were the mechanisms of recombination between the RA sequences, the same class 2 outcome would be observed. Additionally, since the kanMX marker is distal to the -RA3 sequence on Chr14, the expectation is that Ura + clones carrying a terminal deletion of Chr14 should lose kanMX, thus becoming sensitive to geneticin. The class 1 and class 2 karyotype configurations predicted from this model were validated using PFGE and array CGH (Figure 3 , B and C).
To characterize this NAHR assay system, we analyzed the karyotypes and the presence of the kanMX marker in 67 independent Ura + clones derived from RNH201 and rnh201D diploids (Table 2) . We analyzed the PFGE profiles of these clones to determine the number of copies of the parentalsized Chr5 and Chr14, the presence of the 650-kb Chr14/ Chr5 translocation with URA3 at the breakpoint, and the reciprocal 700-kb Chr5/Chr14 translocation with kanMX-RA at the breakpoint. In addition, we inspected the PFGE karyotypes for the presence of any other chromosomal rearrangements not predicted by the model in Figure 3 . The results showed that the reciprocal crossover outcome (class 1) was infrequent, having only one example detected from each genotype. This was expected, since the reciprocal crossover mechanism requires the spontaneous initiating doublestrand break (DSB) lesion to occur within the relatively small RA region of the recipient chromosome. In contrast, nonreciprocal outcomes can be initiated by DSBs within RA or anywhere in the 245-kb distal region of Chr14. This higher probability for the formation of spontaneous initiating lesions was reflected in the higher abundance of nonreciprocal recombination outcomes (classes 2-7). Interestingly, while class 2 clones were the most abundant category recovered, other configurations were also detected at substantial frequency, particularly classes 3 and 4 ( Figure S2 ). Class 3 clones had karyotypes and copy number profiles that were indistinguishable from those of class 2, with the exception that they were resistant to geneticin. Because class 3 clones contained only one parental-sized copy of Chr14 and retained the kanMX marker, they must somehow have lost the copy of Chr14 that did not contain the RA recombination substrate. Class 4 was also resistant to geneticin, but contained two parental-sized copies of Chr14. Finally, the relatively rare nonreciprocal classes 5, 6, and 7 involved loss of one of the parental copies of Chr5. Although these alternative events were quite interesting, the detailed characterization of the recombination mechanisms leading to their formation was beyond the scope of this project. Regardless of the final karyotype configurations of the Ura + clones, all of them resulted from homologous recombination between nonallelic RA repeats leading to gross chromosomal rearrangements.
The overall distribution of Ura + clones in the various karyotype classes was very similar between RNH201 and rnh201D. However, we detected six cases in which rnh201-D-derived clones each carried one additional chromosomal rearrangement band with size different from those predicted for the URA2/2RA3 translocations between Chr14 and Chr5 (Table 2) . No such other chromosomes were detected among the wild-type-derived Ura + clones. While we did not characterize the structures of these other rearrangements, and the numbers of clones analyzed were relatively small, their presence exclusively in the rnh201D background suggested a higher occurrence of complex genome rearrangements in diploids defective for RNase H2.
Ribonucleotide-dependent NAHR
The experiments described above showed that the recombinogenic effect of RNA-DNA damage, first demonstrated for intramolecular gene conversion (Aguilera and Klein 1988; Ii et al. 2011; Potenski et al. 2014) , also extend to allelic interhomolog recombination leading to LOH. In the absence of RNase H2, these recombination events are presumably initiated by DNA breaks that accumulate following processing of ribonucleotides or R-loops by pathways other than RER. Therefore, it is to be expected that the same lesions may also increase the formation of more complex outcomes such as gross chromosomal rearrangements. This hypothesis was tested previously using the original version of the haploid URA3-CAN1 GCR assay (Allen-Soltero et al. 2014), and a Figure 3 Nonallelic homologous recombination (NAHR) assay and predicted recombination outcomes. (A) Schematic representation of the karyotype of the diploid strain used in the NAHR assay. Chr5 (blue) and Chr14 (red) are drawn to approximate scale. Terminal boxes labeled L and R correspond to the left and right telomeres, respectively, and the numbered circles correspond to the centromeres. Only one of the Chr14 homologs contains a Kan-RA3 insertion, and only one of the Chr5 homologs contains a URA sequence. Both recombination substrates are present in Watson orientation and no other URA3 sequences are present in the genome. Recombination between the RA sequences can regenerate a full-length functional copy of URA3, selectable on uracil drop-out medium. (B) The class 1 reciprocal crossover outcome is shown to the left, with the respective sizes and structure of the associated chromosomal rearrangements. The array-CGH plots for Chr5 and Chr14 and PFGE from a representative class 1 clone are shown. The array-CGH plots y-axis corresponds to copy number [Log2 (Cy5-labeled Ura + clone DNA/Cy3-labeled parental DNA)]. The x-axis corresponds to the probe coordinates along the respective chromosomes. The white circles indicate the positions of CEN5 and CEN14. The gray dots indicate the Log2 Cy5/Cy3 values and chromosome position of each array probe. The copy number profile of class 1 clones was fully balanced, with no gains or losses relative to the parental diploid. The PFGE was cropped for emphasis, showing only the region from Chr8 (540 kb) to Chr2 (815 kb), with lane quantification traces flanking the image. Chr5 and Chr14 trace peaks are shaded in blue and red, respectively. (C) The class 2 nonreciprocal karyotype outcome is shown to the right. The array-CGH plots for a representative class 2 clone show a deletion (one copy; pink shaded) on the left arm of Chr14 from TEL14L to PEX17, and an amplification (three copies; purple shaded) on the left arm of Chr5 from TEL05L to URA3. The class 2 PFGE profile and its quantitative analysis are also shown. Note that the WT diploid strain used as reference in the PFGEs in B and C, and in Figure S2 , has a slightly longer Chr5 band because it is homozygous for the ura3-52 allele (Ty1 insertion) rather than the ura3D39 and ura3D0 alleles present in the NAHR parent diploid strain. The overall difference in Chr5 sizes caused by the Ty1 insertion and ura3 deletions is 7 kb.
YAC stability assay (Wahba et al. 2011) . Importantly, the majority of the GCR events detected with these two specific strain setups were formed through mechanisms other than homologous recombination, as there were no significant proximal homologous sequence substrates in the regions assayed (Chen and Kolodner 1999) . Allen-Soltero et al. (2014) . showed that single mutants lacking RNase H2 did not alter the GCR rate, but synergistic stimulation was observed in double mutant combinations with specific suppressors of chromosomal instability. Interestingly, deletion of RAD51 partly rescued this phenotype, suggesting that a substantial fraction of the GCR events that are increased in RNase H2 mutants form through the homologous recombination pathway, possibly involving nonallelic repeats. We specifically investigated this possibility using the diploid NAHR assay described above, which was designed to detect chromosomal translocations formed by recombination between homologous substrates present on Chr5 and Chr14 ( Figure 3A) .
Our quantitative analyses of chromosomal instability (Figure 2 , Table S2 , and Table S3) showed that Chr14/Chr5 NAHR events were quite rare compared to Chr7 LOH events (the baseline rate of NAHR was two to three orders of magnitude lower than LOH). Only minor, not significant, stimulation of the NAHR rate was detected in single mutants lacking the RNase H2 catalytic subunit (1.3-fold up in rnh201D vs. RNH201; P = 0.2817). A similarly insignificant increase was observed in rnh202D, and no alteration at all in rnh203D. These small (or no) rate differentials in the single mutants, within a context of rare mutational events, indicated that the NAHR rate measurements were more susceptible than LOH to interference from other confounding pleiotropic effects of the various DNA polymerase genotypes tested, such as differences in cell growth kinetics, mutator phenotypes, roles in replicative repair, or others. Specifically, single mutants carrying either the pol1-L868M or pol2-M644G, which result in higher incorporation of ribonucleotides by Pol a and Pol e, respectively, showed mild, yet significant decreases in the NAHR rate (each 40% reduction relative to wild type, each with P , 0.0001). Despite this complication, the results obtained when we combined RNase H2 deficiency with mutant replicases and TOP1D showed a trend analogous to that observed in the LOH experiments, and suggested that ribonucleotides incorporated into DNA also contribute to NAHR.
Within each of the four mutant replicase genetic backgrounds tested, the largest NAHR rate increase between RNH201 and rnh201D was observed in strains carrying the pol2-M644G allele encoding a mutant version of Pol e that increases the incorporation of ribonucleotides (5.4-fold NAHR rate elevation in pol2-M644G rnh201D vs. pol2-M644G RNH201; P , 0.0001). pol2-M644G strains also displayed the largest TOP1-dependent NAHR rate reduction (9.4-fold decrease in pol2-M644G rnh201D TOP1D vs. pol2-M644G rnh201D TOP1; P , 0.0001). pol2-M644L strains that have lower Pol e ribonucleotide incorporation did not significantly increase the NAHR rate in combination with rnh201D (only 1.6-fold elevation in pol2-M644L rnh201D vs. pol2-M644L RNH201; P = 0.0871). These results were consistent with our observations for LOH and showed that the frequency of ribonucleotide incorporation by Pol e is an important contributor to the formation of chromosomal rearrangements by NAHR.
The NAHR results obtained within the other two mutant replicase backgrounds that increase ribonucleotide incorporation were not as straightforward as in the LOH experiments. Deficiency of RNase H2 in combination with either pol1-L868M or pol3-L612M resulted in 2.3-fold increases in the NAHR rate. These increases were not as robust as the 5.4-fold effect observed for pol2-M644G, but they were both significant (pol1-L868M rnh201D vs. pol1-L868M RNH201 and pol3-L612M rnh201D vs. pol3-L612M RNH201; each had NA, not applicable. a The numbers (0, 1, or 2) indicate the number of copies of the indicated chromosomes (parental size Chr5 and Chr14, and the two translocations) determined by measuring the ethidium bromide staining intensity of the corresponding band in PFGE relative to the parental bands in the parent strains (representative examples shown in Figure 3 and Figure S2 ). b The number of Ura + clones in each class is shown, and when present, the superscript number in parentheses indicates the number of clones that contained additional chromosomal rearrangements of size other than 650 kb or 700 kb. Six Ura + clones derived from rnh201D diploids contained such uncharacterized rearrangements as observed by PFGE; no rearrangements of unexpected sizes were observed in the wild-type control. Note that all six rearrangements in question had sizes ,1200 kb and, therefore, were unlikely to correspond to contractions of the ribosomal DNA tandem repeat cluster on Chr12.
P , 0.0001). In both cases, the increases in the NAHR rate were dependent on TOP1. A notable result was the significant 60% increase in the NAHR rate in pol3-L612M rnh201D compared to POL3 rnh201D (P , 0.0001), a recombination rate change of approximately the same magnitude but opposite direction as observed in the LOH assay (50% decrease; Figure 2A ). One possible reason for these contrasting results might be related to the fact that Pol d is known to participate in the BIR mechanism (Symington et al. 2014 ), which we showed accounts for the majority of the NAHR events detected in our assay (Table 2) . In this scenario, the pol3-L612M mutation might somehow make Pol d more efficient at initiating or sustaining BIR. This would promote the nonreciprocal recombination mechanism associated with the NAHR assay, and conversely, might disfavor the reciprocal interhomolog mitotic crossover pathway most often associated with LOH. The results obtained for NAHR with the mutant alleles of POL1 and POL3 can be interpreted as a sign that ribonucleotides incorporated by these polymerases have a larger contribution to structural chromosomal rearrangements than they do to allelic interhomolog recombination (i.e., LOH). However, even in this scenario, the ribonucleotides incorporated by Pol e remain as the ones with the most destabilizing effect in both recombination assays used in this study. Alternatively, the inconsistencies in pol1-L868M and pol3-L612M behavior between our two assays might be primarily the result of interference in NAHR rate measurements caused by confounding phenotypes associated with these mutations, and not by their higher inherent rate of ribonucleotide incorporation.
Discussion
A number of recent studies have shown that ribonucleotides are incorporated throughout the genome during DNA replication (reviewed in Jinks-Robertson and Klein 2015). Incorrect removal of such abundant ribonucleotides can lead to genomic instability in the form of point mutations, short deletions within low complexity regions, and chromosomal rearrangements. Interestingly, the mutagenic effect of ribonucleotides appears to be asymmetric, according to which DNA polymerase was responsible for their incorporation. Specifically, TOP1-dependent 2-to 5-bp deletions in an RNase H2 mutant background were shown to be the product of ribonucleotides incorporated by Pol e, but not by Pol a and Pol d (Williams et al. 2015) .
Earlier reports described increased chromosome-scale instability in RNase H2 mutant haploid yeast cells, including TOP1-dependent gene conversion (Potenski et al. 2014) and gross chromosomal rearrangements (Allen-Soltero et al. 2014) . Another study measured the rate of LOH at Chr3 in RNase H homozygous mutant diploids (Wahba et al. 2011) . Although Wahba et al. (2011) . did not observe significant change in LOH in rnh1D or rnh201D single mutants, they did report an eightfold elevation in rnh1D rnh201D double mutants lacking both RNase H1 and H2 activities. Finally, a study complementary to our own has been reported recently using hybrid yeast diploids to quantify LOH stimulation genome-wide and characterize the associated recombination tracts in RNase H defective cells. These experiments showed elevated LOH in rnh201D and rnh1D rnh201D, but not in rnh1D single mutants (O'Connell et al. 2015) . Neither of the diploid studies described above investigated the TOP1 dependency of the reported increases in LOH.
In this study, we show that genome-wide LOH occurs more frequently in diploids lacking RNase H2 activity, and that the rate of LOH on Chr7 is elevated in mutants carrying deletion of RNase H2 subunits. The increased LOH phenotype in rnh201D was almost entirely suppressed by deletion of the TOP1 gene. Further, we showed that the rate of LOH is modulated by increasing or decreasing the number of ribonucleotides incorporated by mutant alleles of Pol e, and this effect was also dependent on TOP1. In contrast, alleles of Pol a or Pol d that increase ribonucleotide incorporation did not alter the rate of allelic interhomolog recombination.
We also observed a role for ribonucleotides incorporated by Pol e in stimulating chromosomal translocations formed by NAHR. Although the phenotypic differential provided by this assay system is small, the highest rate of NAHR was measured in the rnh201D pol2-M644G strain, and chromosomal size polymorphisms other than the selected translocations were only detected in the rnh201D background. Together, these observations were consistent with earlier reports for a role of ribonucleotides in the generation of gross chromosomal rearrangements in yeast (Wahba et al. 2011; Allen-Soltero et al. 2014) and increased cytogenetic abnormalities in mammalian cells (Reijns et al. 2012) .
The recombinogenic effects associated with RNase H2 mutants may result from misprocessing of scattered ribonucleotides incorporated into DNA, misprocessing of R-loops, or a combination of these two defects. The observation that increased and decreased ribonucleotide incorporation by Pol e correlates with the LOH rate leads us to propose that much of the LOH observed here in RNase H2 mutants is triggered by ribonucleotides incorporated by Pol e during leading strand replication. This idea is consistent with our earlier proposal that ribonucleotides incorporated by Pol e, but not (or less so) by Pols a and d, result in 2-to 5-bp deletions that result from incisions by TOP1 (Williams et al. 2015) . Thus, it appears that after Pol e incorporates a ribonucleotide, topoisomerase 1 cleavage of the DNA backbone at a ribonucleotide provides opportunities for multiple types of genome instability, including loss of a short repeat, LOH and NAHR. Possible mechanistic reasons for this observed asymmetry have been proposed (figure 5 in Williams et al. 2015) and are currently being tested. The first centers on the fact that the RER-defective pol2-M644G strain has a higher density of ribonucleotides in the nascent leading strand than is observed in the nascent lagging strand for the pol1-L868M and pol3-L612M mutator strains lacking RNH201, suggesting that ribonucleotide density must exceed a certain threshold to observe TOP1-dependent recombination events. Alternatively, there may be additional pathways involved in removal of nascent lagging strand ribonucleotides that are either specific for this DNA strand or less available for ribonucleotide removal from the nascent leading strand. Finally, we propose that negative supercoils may accumulate in the continuous nascent leading strand in the wake of the replisome and TOP1, through its interaction with the CMG helicase (Gambus et al. 2006) , would be in an ideal physical position to relieve this torsional stress. Such helical tension may not build up in the discontinuous nascent lagging strand because of the presence of DNA ends that could allow rotation. As with more localized forms of RNA-DNA damage, the asymmetry of TOP1-dependent recombination events support the concept that failure to remove ribonucleotides incorporated into DNA by Pol e during leading strand synthesis puts genome stability at risk. The same numerical values presented in this table are shown graphically in Fig. 2 in the main manuscript. The genotype statistics identity (stID) for each genotype was used for reference in the pairwise comparisons shown in Table S3 . Table S2 . Statistical analyses of comparisons between recombination rates were performed using a two-sided nonparametric Mann Whitney test in GraphPad Prism. Figure S1 . Loss-of-heterozygosity (LOH) assay system in hybrid diploids. Figure S2 . Examples of unexpected outcomes obtained from the NAHR assay.
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Labeling is as described for Figure 3 in the main text. (A) The class 3 non-reciprocal outcome is shown to the left, with the respective sizes and structures of the associated chromosomes. The array-CGH plots and PFGE for a representative Class 3 clone shows a deletion (1 copy; pink-shaded) on the left arm of Chr14 from TEL14L to PEX17, and an amplification (3 copies; purple-shaded) on the left arm of Chr5 from TEL05L to URA3. (B) The class 4 non-reciprocal outcome is shown to the right, and the array-CGH plots and PFGE of a representative clone show an amplification (3 copies; purple-shaded) of part of the left arm of Chr14 from PEX17 to CEN14 and the entire right arm from CEN14 to TEL14R. Class 4 clones have two complete copies of Chr14 and one copy of a Chr14/Chr5 translocation. The Chr5 array-CGH plot shows an amplification (3 copies; purple-shaded) on the left arm of Chr5 from TEL05L to URA3.
